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a b s t r a c t

The strong effects of classic brown adipose tissue (BAT) and recruited beige adipocytes in treatment of
obesity and metabolic syndrome have been attracting increasing research interest. Cold treatment is an
effective, convenient approach to stimulate BAT activity and induce white adipose tissue (WAT)
browning. Here, we utilized prolonged cold exposure (from 2 h to 2 weeks in a 4� cold chamber) to
elucidate dynamic changes in BAT and in WAT browning during acute and chronic cold exposure in mice.
BAT mass decreased quickly, with reduced lipid droplet sizes within 8 h of cold exposure owing to the
utilization of BAT pre-storage triglycerides, and subsequently increased during prolonged cold exposure.
These dynamic morphological changes in BAT were confirmed by gene expression changes in ADRB3 and
PGC1a, while UCP1 and ELOVL3 expression was continuously up-regulated throughout the entire cold
exposure period. Additionally, cold treatment increased BAT secretion of FGF21, which has been reported
to activate beige adipocyte formation. Thus, to illustrate potential crosstalk between secreted BAT pro-
teins (so-called BATokines) and beige adipogenesis during cold stress, we performed an interscapular
BAT (iBAT) removal experiment in mice. Surprisingly, loss of classic iBAT enhanced WAT browning due to
compensatorily increased sympathetic WAT input. Unexpectedly, we observed significantly reduced
adiposity in the iBAT removal group compared with the control group. These results further suggest that
WAT browning plays an important role in whole-body energy metabolism during cold acclimation, even
without iBAT. Furthermore, our data imply that enhanced WAT browning may be an efficient therapeutic
tool to combat obesity and related syndromes.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

Brown adipose tissue (BAT) is an important thermogenic organ
that maintains the body temperatures of small mammals [1e3].
Activated BAT generates heat through uncoupling protein 1 (UCP1),
a mitochondrial protein that can uncouple oxidative
ersity of Chinese Academy of
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phosphorylation, to avoid ATP production [1,4]. Unlike BAT, white
adipose tissue (WAT) is an energy storage organ that contains large
amounts of triglycerides and releases free fatty acids and glycerol as
fuel substrates by lipolysis [5]. Apart from thermogenesis, activated
BAT can also regulate whole-body metabolism to improve insulin
resistance and prevent obesity [6,7]. Therefore, safe and effective
approaches to activate BAT have drawn the attention of many
researchers.

Cold treatment is believed to be an effective and safe way to
activate BAT in mice and even in humans [8,9], as it clearly not only
triggers BAT activity but also recruits UCP1-positive adipocytes
within inguinal WAT (ingWAT) in mouse or suplaclavicular WAT in
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human, termed beige adipocytes [10,11]. Similar to BAT, beige adi-
pocytes have a high mitochondrial content and thermogenic fat-
burning properties, and a recent study demonstrated that human
BAT more closely resembles mouse beige adipocytes than mouse
BAT [12]. In addition, WAT, the fat depot wherein beige cell adi-
pogenesis occurs, is more abundant than BAT in mammals. There-
fore, inducible beige adipocytes in WAT have been proposed as a
new potential therapeutic target for treating obesity and diabetes.

Numerous studies have used cold treatment to activate BAT and
induce beige adipocyte formation in ingWAT. While multiple in-
vestigations have utilized either acute or chronic cold exposure
[13e17], no studies have used a combination of the above-
mentioned treatments. Furthermore, a previous report demon-
strated that beige adipogenesis in subcutaneous fat occurred after
several days of cold treatment [18], but a potential crosslink be-
tween dynamic changes in BAT and the formation of beige adipo-
cytes was not clear. While BAT is currently considered a non-classic
endocrine organ [19,20], whether secreted BAT proteins (BATo-
kines) have positive effects on beige formation remains unknown.

Hence, the main objective of this study was to investigate dy-
namic changes in the morphology and gene expression of BAT and
WAT over a time course of cold exposure (from 2 h to 2 weeks). In
addition, we performed a BAT removal experiment to illuminate
potential crosstalk between activated BAT and the formation of
beige adipocytes.
2. Materials and methods

2.1. Animals and cold exposure

For experiments, 10-week-old male C57BL/6J mice (purchased
from Vital River Laboratory Animal Technology. Co. Ltd) fed chow
diet. After 1 week of adaption, they were randomly divided into
seven groups: room temperature (0 h), cold exposure for 2, 8, 24 h
and 3, 7, 14 days (n¼ 5 for each group). Mice as control group were
all sacrificed before the cold treatment, and then the cold groups
were placed at 4 �C for the abovementioned times. All animal
studies were approved by the Institutional Animal Care and Use
Committee of Institute of Zoology, Chinese Academy of Sciences.
2.2. Removal experiment

After be anesthetized with sodium Pentobarbital, the skin of
experiment group mice, was opened by a small (1e2 cm) incision
along the mid-dorsal line between the scapulae, the overlying
white fat was dissected and retracted, and then the iBAT was freed
from surrounding muscles and removed. In sham-operated gerbils
we separated the iBAT from surrounding musculature, connective
and white adipose tissue, but blood vessels and innervations were
left intact. The skin was closed by sewing with absorbable surgical
suture. All mice were returned to the animal room and allowed to
recover. After 10 days recovery, these mice were placed at 4 �C for
the abovementioned times.
2.3. Real-time PCR and Western Blotting

Real-time PCR and Western Blotting were performed as
described previously. The primer sequences are listed in
Supplementary Table 1. The specific primary antibodies waere as
following: anti-UCP1 (Abcam), anti-OXPHOS (Abcam), anti-ACTIN
(Abcam), anti-PGC1a (Abcam, MA, USA), anti-tubulin (Santa Cruz
Biotech, CA, USA).
2.4. Histology analysis

Tissues fixed in 4% paraformaldehydewere sectioned after being
paraffin embedded. Multiple sections were prepared and stained
with haematoxylin and eosin for general morphological observa-
tions. The images were acquired using an Olympus BX51 system.

2.5. Measurement of iWAT CAs level

The iWAT were rapidly frozen with liquid nitrogen after
removing from the euthanasia mice. Average 0.06 g iWAT was
harvested from the frozen tissue and put into 2ml tube with 300 ml
PBS (PH7.4). The iWAT were maintained on ice till melting, then
homogenized by grinder and centrifuged for 20min with
12000 r.p.m. The supernatant was prepared for the following tissue
CAs level measurement using a commercially available ElISA kit
(MIBio, Shanghai, China).

2.6. Statistical analysis

Comparisons between groups were made with one-way ANOVA
with Tukey's post hoc test or Student's two sample t-test. A
between-group difference of P< 0.05 was considered significant.

3. Results

3.1. Dynamic changes in iBAT during cold stress

To determine cold-induced dynamic changes in interscapular
BAT (iBAT) and ingWAT in mice, mice were kept in a cold chamber
for various amounts of time. Subsequently, iBAT and ingWAT were
collected and subjected to histological analysis. iBAT mass
decreased during the early stages of cold exposure and reached
minimum levels after 8 h. In contrast to the early stages, long-term
cold stress gradually increased iBAT mass (Fig. 1A). Consistently,
hematoxylin and eosin (H&E) staining showed that iBAT lipid
droplets diminished in size to their minimum level after 8 h of cold
exposure and increased to the baseline level after one week of cold
exposure (Fig. 1B).

3.2. iBAT gene expression profile during cold stress

The expression levels of both adrenoceptor beta 3 (ADRB3), the
key receptor transmitting adrenal signals to generate heat inmouse
BAT, and PPARg co-activator 1a (PGC1a) were rapidly induced in
the early stages of cold exposure and decreased to the normal level
after long-term cold exposure. Unlike ADRB3 and PGC1a, the
expression of UCP1 remained at high levels during the entire
experimental period (Fig. 2A). Interestingly, adipose triglyceride
lipase (ATGL), the first enzyme in the hydrolysis of triglycerides in
adipose tissue, and carnitine palmitoyltransferase 1a (CPT1a), the
rate-limiting enzyme of fatty acid oxidation, both decreased during
the first 8 h of cold exposure (Fig. 2B). We also observed that the
expression of elongation of very long chain fatty acids protein 3
(ELOVL3), a key enzyme in long-chain fatty acid synthesis, was up-
regulated over the course of 14 days of cold exposure (Fig. 2C).
Overall, our quantitative real-time PCR analysis further confirmed
the dynamic changes in the morphology of iBAT.

Consistent with the gene expression in iBAT, the protein
expression level of UCP1 continuously accumulated over the time
course of cold exposure. Nevertheless, the PGC1a protein increased
significantly in iBAT throughout the cold exposure, unlike the gene
expression curve (Fig. 2D).

BAT was recently theorized to function as an endocrine organ
[19,20]. In line with this theory, BAT was shown to increase the



Fig. 1. Dynamic changes in iBAT during cold stress. (A) Comparisons of BAT weight percentages (% body weight) in seven groups, including room temperature (0 h) and cold
temperature exposures for 2, 8, and 24 h and 3, 7, and 14 days. All data are presented as the mean ± standard error of the mean (SEM). N ¼ 5; significant differences compared with
controls are indicated by ***P < 0.001, **P < 0.01, and *P< 0.05; data were analyzed with one-way ANOVA with Tukey's post hoc test. (B) Representative H&E staining of BAT tissue
sections from mice. Scale bars, 50 m m.
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secretion of fibroblast growth factor 21 (FGF21), a protein that can
regulate whole-body energy metabolism, and beige adipocyte for-
mation in cold environments [21]. Consistently, we confirmed that
the mRNA expression of FGF21 was up-regulated during cold stress
and was maximized after 8 h of cold exposure (Fig. 2E). Further-
more, plasma FGF21 levels increased after 8 h of cold exposure and
remained high throughout the remainder of the experiment
(Fig. 2F).

3.3. Beige adipocyte formation in ingWAT during cold treatment

To evaluate the formation of beige adipocytes in ingWAT, we
performed H&E staining. ingWAT browning began to occur after 8 h
of cold exposure and reached its maximum level after 3 days
(Fig. 3A). Consistently, the beige cell formation process occurred
during cold exposure, as determined by quantitative real-time PCR.
Both CD137, a beige cell surface marker [12], and PGC1a were up-
regulated during the early stages of cold stress in ingWAT, while
UCP1, a thermogenic gene, retained a high level of expression
throughout the entire cold stress period (Fig. 3B). The UCP1 and
PGC1a protein increased in ingWAT for prolong cold exposure,
similar like iBAT (Fig. 3C).

3.4. Beige adipocyte formation was enhanced upon BAT removal

According to the above results, BAT consumed its own storage
lipids during the early stage of cold exposure and recovered to its
baseline level after 8 h, which was accompanied by beige adipocyte
formation. Meanwhile, FGF21 expression in BAT was up-regulated
32.5-fold compared with that at room temperature (p¼ 0.013),
leading to the speculation that BATokines may influence beige
adipocyte formation.

To assess this hypothesis, we performed a BAT removal
experiment, and sham-operated animals served as the control.
When mice were placed in cold chambers, BAT removal did not
affect their body weight (Fig. 4A). However, the weights of fat pads
of mice in the iBAT removal group were significantly lower after 7
days of cold exposure than those of the controls (Fig. 4B). Unex-
pectedly, the formation of beige adipocytes was not affected by
BAT removal and was even enhanced after one week of cold
exposure (Fig. 4C). Consistent with our histological analysis, the
mRNA expression levels of beige marker genes (CD137 and
TMEM26) and UCP1 were up-regulated in ingWAT in the iBAT
removal group compared with the sham group (Fig. 4D). In
addition, the levels of proteins involved in mitochondrial oxida-
tive phosphorylation (OXPHOS) and of PGC1a and UCP1 were
greatly increased in the iBAT removal group compared with the
control group (Fig. 4E). Taken together, these results showed that
more beige adipocytes were induced in subcutaneous fat by cold
stress after BAT removal.

Thus, the surgical removal of BAT did not affect the formation of
beige adipocytes. We speculated that similar to BAT,WAT browning



Fig. 2. Expression profile of iBAT during cold stress. (AeC) QPCR analysis of the expression of genes related to the sympathetic pathway and thermogenesis (A), lipolysis and fatty
acid oxidation (B), fatty acid synthesis (C). (D) Western blot analysis of UCP1 and PGC1a in iBAT and quantification of Western blot analysis. Protein abundance is expressed relative
to the control and represents three independent experiments with triplicate observations in each experiment. Volume is the sum of all pixel intensities within a band. All data are
normalized to ACTIN. (E) Quantitative real-time PCR analysis of the expression of FGF21 in BAT. (F) Enzyme-linked immunosorbent assay analysis of serum FGF21 levels. Data are
presented as the mean ± s. e.m. N ¼ 5; significant differences compared with the controls are indicated by ***P < 0.001, **P < 0.01, and *P < 0.05; data were analyzed with one-way
ANOVA with Tukey's post hoc test.
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is mainly controlled by its sympathetic innervation [22]. To explore
whether beige adipocyte formation is related to sympathetic nerve
control directly, we detected content of tissue catecholamine in
ingWAT was much higher in the iBAT removal group than in the
sham-operated group both in day 1 and day 7 (Fig. 4F). These re-
sults implying that beige adipocyte formation is directly controlled
by sympathetic input to WAT during cold-induced stress but is not
controlled by BATokines. In addition, as a compensatory mecha-
nism, the loss of BAT enhanced WAT browning for thermogenesis.
4. Discussion

Ccold treatment is well known to efficiently activate BAT and
increase BAT mass [23,24]. Consistent with previous reports, our
data showed that BAT mass augmentation occurred one day after
cold exposure and maximized after seven days of cold treatment.
Our results also revealed another neglected fact in that iBAT mass
decreased gradually within the first 8 h of cold treatment, which was
caused by lipolysis to fuel thermogenesis [1]. In accordance with the



Fig. 3. Beige adipocyte formation in ingWAT after cold exposure. (A) Representative H&E staining of ingWAT tissue was performed. Scale bars, 50 m m (B) QPCR analysis of the
expression of genes related to the sympathetic pathway and thermogenesis in ingWAT. (C) Western blot analysis of UCP1 and PGC1a in ingWAT. All data are normalized to ACTIN.
Data are presented as the mean ± s. e.m. N ¼ 5; significant differences compared with the controls are indicated by ***P < 0.001, **P < 0.01, and *P < 0.05; data were analyzed with
one-way ANOVA with Tukey's post hoc test.
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dynamic changes in BAT mass, we observed that BAT lipid droplets
decreased in size due to their disintegration to generate heat. Thus,
the early changes in BAT mass during the acute acclimation phase
(0e8 h) suggested that cold temperatures initially induced the rapid
mobilization of pre-existing BAT triglycerides. Furthermore, BAT
mass increased continuously and reached maximum levels during
the chronic cold adaptation phase (8 hours-2 weeks), accompanied
with enlarged lipid droplet size. This increase in lipid droplet size
suggested that increases in both free fatty acid uptake from the
serum, which was mainly supplemented by WAT lipolysis [25,26],
and fatty acid synthesis [25] occurred in BAT.

Sympathetic nerves are well known to stimulate BAT by
secreting norepinephrine (NE) in cold environments, and the
function of NE is mediated by ADRB3 inmouse BAT [1]. Accordingly,
we observed a rapid increase in ADRB3 mRNA expression during
the acute acclimation phase. Interestingly, adrenergic signaling is
decreased by neurotransmitter inactivation during long-term cold
adaptation because of the high cost of energy expenditure [17], and
accompanied with decreased ADRB3 expression. As a key ther-
mogenic transcription factor, PGC1a can induce mitochondrial
biogenesis and the expression of genes that control the rate of fuel
oxidation and ATP synthesis [27]. A recent study reported increased
PGC1a expression in iBAT during 1e5 days of cold exposure [28].
We also observed a continual increase in PGC1a mRNA expression
until day three of cold exposure. Thereafter, its expression returned
to the normal control level. While, PGC1a protein was upregulated
continuously, which maybe result from the increasing of protein
stability [29,30].

Moreover, we observed a persistent up-regulation of UCP1
expression both in mRNA and protein level throughout the entire
experimental period, suggesting that high UCP1 expression is
required for BAT thermogenic capacity. Overall, dynamic changes in
the BAT phenotype were further supported by time-dependent
changes in thermogenic gene expression.



Fig. 4. Beige adipocyte formation was enhanced upon BAT removal. (AeD) Comparisons of body weights (A), tissue weights of ingWAT and eWAT (B), representative H&E staining of
ingWAT (C), and QPCR analysis of beige marker genes in ingWAT (D) between the sham-operated and iBAT removal groups at different cold temperature exposure times (1 and 7
days). Data are presented as the mean ± s. e.m. N ¼ 6e9; significant differences compared with the controls are indicated by **P < 0.01 and *P < 0.05; data were analyzed with t-
tests. (E) Western blot analysis of OXPHOS proteins, UCP1, PGC1a and tubulin using total proteins isolated from ingWAT between the sham-operated and iBAT removal groups after
7 days of cold exposure. (F) Enzyme-linked immunosorbent assay analysis of tissue catecholamine in ingWAT between the sham-operated and iBAT removal groups after 1 day and
7 days of cold exposure. Scale bars, 50 m m.
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Increasing evidence has demonstrated that WAT browning oc-
curs prominently within subcutaneous fat in mice and humans
after cold exposure [31,32]. Consistent with previous reports, we
observed that WAT browning occurred after 8 h of cold treatment
and accumulated after a prolonged period of cold acclimation. This
dynamic morphological remodeling in beige adipocytes was
further verified by the expression of browning marker genes
(CD137, PGC1a and UCP1). Among them, PGC1a and UCP1 in WAT
exhibited similar expression patterns as those in BAT throughout
the entire cold treatment period.

Emerging evidence suggests that cold temperatures increase the
secretion of BATokines [33,34], such as FGF21. In particular, our
results showed that plasma FGF21 levels were up-regulated
throughout the entire cold treatment period, and a previous
report indicated that FGF21 whole-body knockout mice appeared
to lose their beige adipocytes after exposure to cold temperatures
[21]. Therefore, cold-induced BATokine secretion might influence
beige adipogenesis. By detecting content of tissue catecholamine in
iBAT removal group, we further demonstrated that the removal of
iBAT led to compensation from extensive sympathetic innervation.
These results were largely in agreement with a study by Tseng et al.
who described that the genetic paucity of BAT by Bmp1r knockout
induced compensatory WAT browning due to increased sympa-
thetic input to WAT [35]. Associated with previous studies [36,37],
our data showed the mass of WAT, especially epididymal WAT
(eWAT), was dramatically reduced in the iBAT removal group
compared with the control group after one week of cold exposure.
Our data indicated WAT browning is promising option for treating
obesity and related diseases.

In summary, we investigated dynamic changes in BAT and in
WAT browning in the current study. Particularly, BAT appeared as a
fast response to acute cold by mobilizing pre-existing triglycerides
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and was replenished by fatty acid uptake and fatty acid synthesis
during chronic cold exposure. In addition, we found that beige cell
formation was subsequently induced after rapid BAT activation.
Finally, our study revealed that iBAT removal greatly enhancedWAT
browning by compensatorily increasing the sympathetic input to
WAT.
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